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Background: Reactions involving weakly-bound nuclei require formalisms able to deal with continuum states.
The majority of these formalisms struggle to treat collective excitations of the systems involved. For CDCC,
extensions to include target excitation have been developed but have only been applied to a small number of
cases.
Purpose: In this work, we reexamine the extension of the CDCC formalism to include target excitation and
apply it to a variety of reactions to study the effect of breakup on inelastic cross sections.
Methods: We use a transformed oscillator basis to discretize the continuum of the projectiles in the different
reactions and use the extended CDCC method developed in this work to solve the resulting coupled differential
equations. A new code has been developed to perform the calculations.
Results: Reactions 58Ni(d, d)58Ni∗, 24Mg(d, d)24Mg∗, 144Sm(6Li,6 Li)144Sm∗ and 9Be(6Li,6 Li)9Be∗ are studied.
Satisfactory agreement is found between experimental data and extended CDCC calculations.
Conclusions: The studied CDCC method has proven to be an accurate tool to describe target excitation in
reactions with weakly-bound nuclei. Moderate effects of breakup on inelastic observables are found for the
reactions studied. Cross section magnitudes are not modified much, but angular distributions present smoothing
when opposed to calculations without breakup.
I. INTRODUCTION
Few-body models have been very successful in de-
scribing nuclear reactions involving weakly-bound nu-
clei, where breakup probabilities are high and continuum
states of these nuclei influence heavily other relevant re-
action channels such as elastic scattering. Many mod-
els able to deal with these positive-energy states have
been developed, such as Continuum-Discretized Coupled
Channels (CDCC) [1, 2], the adiabatic approximation
[3, 4], Faddeev/AGS equations [5, 6] and several semi-
classical approximations [7–12].
In most of these models, in particular CDCC, the
weakly-bound nucleus is considered to be composed of
two subsystems, the valence particle and the core, which
may be dissociated during the reaction in a breakup pro-
cess. These subsystems are usually considered to be inert
at the energies of interest. This is a good approximation
for reactions involving deuterons, which were the origin
of many of these models, but it is more questionable for
more complex systems. For this reason, extensions to
include the collective excitations of the core subsystem
have been developed both for CDCC [13, 14] and Fad-
deev/AGS equations [15]. These extensions were able to
give proper descriptions of reactions involving weakly-
bound nuclei with deformed cores such as 11Be [16] and
19C [17].
In general, these models also consider that the target is
an inert system without internal degrees of freedom rel-
evant for the reaction. Possible excitations of the target
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are assumed to be effectively included in the fragment-
target optical potentials, rather than explicitly treated.
This assumption makes these models unsuitable to de-
scribe excitation of the target or more generally any pro-
cess in which both breakup of one system and collective
excitation of the other may take place concurrently.
However, there exist a variety of measurements in
which weakly-bound nuclei collide with nuclei with col-
lective degrees of freedom which are excited during the
reaction, either due to a big deformation and an associ-
ated rotational spectrum or to the existence of low-energy
vibrational levels [18, 19]. These experiments require a
consistent description of both breakup and collective ex-
citation of the target if reliable information is to be ob-
tained from them.
Extensions to include target excitation in CDCC were
already developed in the 80s by the Kyushu-Pittsburg
groups [20], and have received some recent attention [21],
but in general have been restricted to deuteron scatter-
ing, only to its s-wave component, and mutual excitation
has been ignored in order to make the calculations com-
putationally feasible. Therefore, we find it timely to reex-
amine the corresponding formalism and apply it to more
general reactions using the full formalism without intro-
ducing further approximations. In this respect, it must
be remarked that the extension of the Faddeev/AGS
equations which allowed for the inclusion of collective ex-
citations of the core subsystem also permits the inclusion
of target excitation thanks to the symmetric treatment of
target and projectile which is employed in Faddeev equa-
tions [15]. In this work we reexamine the extension of the
CDCC method to include target excitation. The outline
of this work is the following: in section II the formalism
used for the extension is presented, while calculations
for different low- to medium-energy reactions are shown
2in section III. Finally, the summary and conclusions are
presented in section IV.
II. SCATTERING FRAMEWORK
In this section we derive the expression for the coupling
potentials which allow to treat breakup of the projectile
and excitation of the collective states of the target on
an equal footing. Although these potentials were already
derived by the Kyushu-Pittsburg group [20], we find it
suitable to present them again here, in order to make
this work more self-consistent and to avoid difficulties
that may arise due to the different coupling schemes used
here and in [20]. We have chosen the j − j coupling to
apply the formalism to nuclei heavier than the deuteron,
in contrast to [20], who employed the L − S coupling
scheme, which is more commonly used to describe the
different components of the deuteron.
In our framework, the projectile is modelled as a two
body system composed of a core (c) and a valence par-
ticle (v), ~r being their relative coordinate. The target
is assumed to have some internal degrees of freedom ξ,
which may be excited due to its interaction with the pro-
jectile. The effective Hamiltonian of the projectile-target
system is of the form:
H(~R,~r, ξ) = T (~R) + hp(~r) + ht(ξ) + Vpt(~r, ~R, ξ), (1)
where ~R is the relative coordinate between projectile and
target, T is the kinetic energy operator of the projectile-
target system and hp is the internal Hamiltonian of the
projectile:
hp(~r) = T (~r) + Vvc(~r), (2)
which depends on the relative coordinate between valence
and core systems. We must remark that in this formalism
Vvc may depend on other internal coordinates of core or
valence particle, resulting in eigenstates of the projectile
which are a linear combination of single-particle compo-
nents. However, it is assumed here that these internal
coordinates will not be modified by the interaction with
the core, so their influence is reduced to the structure
of the projectile and will not affect the dynamics of the
reaction. Thus, they are ignored in our derivation. Nev-
ertheless, we note that the following derivation is fully
applicable to multicomponent projectile wavefunctions,
but components with different states of the core will not
be coupled in this formalism.
In Eq. (1), ht is the internal Hamiltonian of the tar-
get, which only depends on collective degrees of freedom,
whose identities will depend on the model chosen to de-
scribe the target. Finally, the interaction potential Vpt
is divided in the interaction between the valence particle
and the target Vvt, and between the core and the target
Vct. Both interactions depend on the relative coordinate
between each subsystem and the target and the internal
degrees of freedom of the target, namely:
Vpt(~r, ~R, ξ) = Vvt(~rv, ξ) + Vct(~rc, ξ) (3)
~rv = ~R− γv~r ~rc = ~R − γc~r (4)
γv =
mc
mc +mv
γc = − mv
mc +mv
(5)
The projectile wavefunctions are the eigenfunctions of
hp, and a process of discretization of the continuum is
employed to treat breakup states [2, 14, 16, 22]. The
index i is used to denote the states resulting from this
discretization procedure. The j − j coupling system is
chosen to express the projectile wavefunctions:
ΦiJp(~r) =
∑
l,j,I
ϕiJpljI (r)
r
[Ylsj ⊗ χI ]Jp , (6)
where ϕiJpljI is the radial internal wavefunction of the
projectile for a definite l (orbital angular momentum of
the valence-core system); ~j = ~l+~s, where s is the spin of
the valence particle; and I, the spin of the core. Ylsj is
the spin spherical harmonic and χI is the wavefunction
of the core (core and valence states are assumed to be
completely determined by their spins).
The target wavefunctions (ΦnJt(ξ)) are the eigenstates
of ht, depend on ξ, have an angular momentum Jt and
are completely defined by the quantum number(s) n.
The scattering wavefunctions are chosen as in [14, 16,
23]
ΨJT ,MT (~R,~r, ξ) =
∑
β
χJTβ (R)
×
{[
YL(Rˆ)⊗ ΦiJp(~r)
]
J
⊗ ΦnJt(ξ)
}
JT ,MT
,
(7)
where β denotes all the quantum numbers necessary to
define the channel β = {L, i, Jp, J, Jt, n}. From now on
we will be using a notation similar to that employed in
[13, 14]:
〈
Rˆ, ~r, ξ|β, JTMT
〉
=
{[
YL(Rˆ)⊗Φ
i
Jp (~r)
]
J
⊗ΦnJt(ξ)
}
JT ,MT
.
(8)
The most important physical ingredients for our calcula-
tions are the coupling potentials:
UJT
β,β′
(R) =
〈
β, JTMT |Vvt(~R,~r, ξ) + Vct(~R,~r, ξ)|β
′, JTMT
〉
.
(9)
It is assumed that both Vvt and Vct can be expanded in
multipoles of ~r such as:
Vvt(~rv) =
√
4π
∑
Qq
VQq(rv , ξ)YQq(rˆv), (10)
and likewise for Vct. In some common models for nuclear
excitations, such as the rotational or vibrational models
[24], it is possible to factorize the potential in radial and
structure parts, leading to:
Vvt(~rv) =
√
4π
∑
Qq
V Qvt (rv)T ∗Qq(ξ)YQq(rˆv), (11)
3where the radial part is V Qvt (rv) and T ∗Qq(ξ) is an operator
with the same tensorial character as YQq, appropriate to
the structure model used to describe the target.
The coupling potentials (9) can be expressed as:
UJTβ,β′(R) = 〈β‖Vvt + Vct‖β′〉 =
∑
Λ,Λ′,Q
(−1)Q+JT+J′+Jt Jˆ Jˆ ′
{
J ′ J ′t JT
Jt J Q
}

L′ J ′p J
′
Λ Λ′ Q
L Jp J

 1√4π LˆΛˆ〈L0Λ0|L′0〉FΛ,Λ
′,Q
ββ′ (R),
(12)
where 6j, 9j symbols and Clebsch-Gordan coefficients ap-
pear as usual and Aˆ =
√
2A+ 1. Primed quantities refer
to the initial channel and unprimed ones to the final one.
Λ,Λ′ and Q are the orbital, projectile and target angular
momentum transferred, respectively, and the radial form
factors FΛ,Λ
′,Q
ββ′ (R) do not depend on the orbital angular
momentum L. The expression for these form factors is
the following:
FΛ,Λ
′,Q
ββ′ (R) = (−1)J
′
p+Λ+J
′
t−Jt
√
4πJˆpJˆ ′p lˆlˆ
′jˆjˆ′ΛˆΛˆ′2Qˆ2
∑
α,α′,K,λ
(−1)j′+j+l+l′+s+IKˆ2
(
Q
λ
)(
l′ l Λ′
0 0 0
)(
λ K Λ
0 0 0
)
×
(
Q− λ K Λ′
0 0 0
){
Λ′ Λ Q
λ Q− λ K
}{
j′ j Λ′
l l′ s
}{
J ′p Jp Λ
′
j j′ I
}
RQ,λ,Kα,α′ (R)δI,I′〈Jt, n‖TQ(ξ)‖J ′t, n′〉, (13)
where 〈Jt, n‖TQ(ξ)‖J ′t , n′〉 is the reduced matrix element
of TQq as defined in Eq. (11) between the states of the tar-
get {Jt, n}, {J ′t, n′}; α(α′) is the final(initial) state of the
projectile and includes all quantum numbers necessary
for the determination of the corresponding component
α = {i, l, j, I},
(
Q
λ
)
=
√
(2Q)!
(2(Q− λ))!(2λ)! (14)
and RQ,λ,Kα,α′ (R) are defined as follows:
RQ,λ,Kα,α′ (R) =
∫
ϕ∗Jp,α(r)ϕJ′p,α′(r)
×V QKvt (R, r)Rλ(γvr)Q−λdr,
(15)
where uJp,α are as defined in (6) and α denotes all the
necessary quantum numbers that define the projectile
components. V QKvt (R, r) results from the multipole ex-
pansion of V Qvt , according to:
V QKvt (R, r) =
1
2
∫ 1
−1
V Qvt (rv)
rQv
PK(u)du; u = Rˆ · rˆ. (16)
Similar equations to (15) and (16) apply to the core-
target interaction, replacing Vvt by Vct and γv by γc. For
the following calculations we have chosen the particle-
rotor model [24] to describe the collective excitation of
the target nucleus. In this model we deform a central
potential V (0)(r) through the following transformation:
V (~r, ξˆ) = V (0)(r − δ2Y20(ξˆ)), (17)
and we then perform an expansion in multipoles:
V (~r, ξˆ) =
√
4π
∑
Qq
V Q(r)DQq0(α′, β′, γ′)YQq(rˆ), (18)
where
V Q(r) =
Qˆ
2
∫ 1
−1
V (0)(r − δ2Y20(ξˆ))PQ(u)du; u = rˆ · ξˆ,
(19)
ξˆ can be interpreted as the orientation of the axis of the
rotor, and α′, β′, γ′ are the Euler angles that change from
the intrinsic frame of the rotor to the laboratory system.
In this model the reduced matrix element has a simple
form:
〈Jt, n‖TQ(ξˆ)‖J ′t, n′〉 = 〈Jt,K‖DQ∗‖J ′t,K〉
= Jˆt
′〈J ′tKQ0|JtK〉
(20)
It should be noted that, in general, reduced matrix ele-
ments for Coulomb and nuclear parts may differ, so it is
necessary to compute the contribution of both potentials
separately. However, in the particle-rotor model the re-
duced matrix elements are the same, while the Coulomb
potential multipoles are expressed based on the reduced
multipole electric operators:
V Q(r) =
√
4π
Qˆ2
Zte
rQ+1
M(EQ), (21)
4III. CALCULATIONS
In this section we present some calculations, focusing
on the angular differential cross section for the target
excitation and its interplay with projectile breakup.
A. 58Ni(d, d)58Ni∗
As a test of the formalism, we have tried to reproduce
the results in [20] for the reaction 58Ni(d, d)58Ni∗ at a
deuteron energy of Ed = 80 MeV. The continuum of
the deuteron has been discretized using a pseudo-state
method, that is, diagonalising the Hamiltonian in a basis
of square-integrable functions, for which we have chosen
the transformed harmonic oscillator basis [25]. After di-
agonalization, only the states with p−n energies up to 40
MeV and orbital angular momentum l = 0− 2 have been
considered, finding higher energies to have a negligible
influence on the cross sections.We have found the contri-
butions of l = 1, 4 waves to be negligible. The l = 3 has
not been considered since its coupling is expected to be
smaller than the l = 1 coupling, and the latter is already
negligible. The target is considered only in its ground
(0+) and its first excited (2+) states.
We have obtained the p−58Ni and n−58Ni potentials
from the Ko¨ning-Delaroche parametrization [26] and the
p − n interaction is the same from [20]. The deforma-
tion parameter β = 0.179 was chosen for 58Ni [27], and
a rotational model was considered for its deformation.
Target excitation due to Coulomb interaction has been
neglected, as it is expected to be negligible for these rel-
atively light nuclei. It can be argued that the proper po-
tentials to be used for these calculations are the “bare”
potentials from which the effect of excitation to the 2+
state has been substracted. In order to obtain an ap-
proximation to these bare potentials we have calculated
new potentials performing a fit to the elastic data using
a calculation which explicitly includes excitation to the
2+. However, we found the difference between the calcu-
lation using these potentials and those from the general
parametrization to be small, so we have chosen to keep
the potentials from the Ko¨ning-Delaroche parametriza-
tion for simplicity.
The results are shown in Fig. 1 for the elastic (top) and
inelastic (bottom ) along with the experimental data [28].
It is seen that the calculations are in good agreement with
the data. Moreover, the best agreement is obtained when
including both breakup and target excitation effects.
B. 24Mg(d, d)24Mg∗
In this section we study the reaction 24Mg(d, d)24Mg∗
leading to the ground and first excited states of 24Mg.
This reaction was measured at different energies in the
range of tens of MeV [18], from which we will focus on
the reaction at a deuteron energy of 70 MeV. For the
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FIG. 1. (Colour online) Elastic a) and inelastic b) angular
differential cross sections for the 58Ni(d, d)58Ni reaction at
a deuteron energy of Ed = 80 MeV. The black solid line
includes breakup and target excitation consistently. The red
solid line only includes target excitation, while the blue dash-
dotted line includes only breakup. Finally, the green dotted
line excludes both target excitation and breakup. It can be
seen that the best agreement with the data is obtained when
including both breakup and target excitation effects.
deformation parameter of 24Mg we have chosen a value
β = 0.5, in accordance to [29]. We have performed
calculations using Ko¨ning-Delaroche [26] and CH89 [30]
parametrizations for p, n−24 Mg and the potential from
[20] for the p − n interaction. The results of our calcu-
lations, as well as those obtained from Faddeev calcula-
tions [29] employing CH89 parametrization and p−n CD
Bonn potential [31] are presented in Fig. 2. Although the
calculations differ slightly, all seem to agree equally well
with experimental data. It seems as though a smaller
deformation parameter would give a better fit to the ex-
perimental data, as indicated in [29]. However, in this
same paper different deformation parameters were found
to give best fits to data at different deuteron energies.
Therefore, in this paper we will not try to extract a value
for the deformation parameter of 24Mg beyond confirm-
ing the conclusions in [29].
In [29] the inclusion of higher excited states of 24Mg
was suggested but was not calculated due to the com-
putational cost of the Faddeev calculation. Since the
method used here is less demanding computationally
than that used in [29], we have performed calcula-
tions including the 2+ and 4+ states of 24Mg, cou-
pled through quadrupolar and hexadecapolar deforma-
tion β4 = −0.017 [32]. The results are shown in Fig. 3.
The effect of the 4+ state is found to be rather small, be-
ing unnoticeable in the elastic cross section and leading
to a small reduction of the cross section at the peak of
the inelastic cross section.
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FIG. 2. (Colour online) Elastic (upper) and inelastic (lower)
differential angular cross sections for 24Mg(d, d)24Mg∗ at a
deuteron energy of 70 MeV. CDCC calculations are pre-
sented using Ko¨ning-Delaroche and CH89 parametrizations.
Faddeev calculations are taken from [29].
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FIG. 3. (Colour online) Elastic (upper) and inelastic (lower)
differential angular cross sections for 24Mg(d, d)24Mg∗ at
a deuteron energy of 70 MeV computed including (violet
lines) and excluding (green lines) the 4+ state of 24Mg, us-
ing CH89 (solid lines) and Ko¨ning-Delaroche (dashed lines)
parametrizations.
C. 144Sm(6Li,6 Li)144Sm∗
In this section we study the inelastic scattering of 6Li
from 144Sm which has been recently measured at energies
around the Coulomb barrier [19]. This reaction has been
previously studied [19] by decoupling target excitation
and breakup of the projectile. First, CDCC was used to
calculate breakup and a folding potential was obtained
from this calculation. This potential was then deformed
to account for target excitation. Due to this decoupling,
target excitation and breakup of the projectile are not
treated consistently. Since 6Li is relatively weakly bound,
its breakup is an important process that can couple to the
excitation of the collective degrees of freedom of 144Sm, so
a consistent treatment of both effects is of importance to
describe this reaction. The extension of CDCC described
in Sec. II allows to treat both processes on equal footing.
Therefore, we find its application to this reaction to be
suitable and relevant.
We focus on the elastic and inelastic
(144Sm(6Li,6 Li)144Sm∗) angular differential cross
section as our observables of interest. Experimental data
exist for four different incoming 6Li energies: 23, 28, 30
and 35 MeV. This allows for a certain systematic study
of the results obtained.
For the following calculations we have considered 6Li
to be a binary system composed of an inert deuteron and
an inert α particle, so that their excitations and possible
breakup are neglected. For 144Sm only the first 2+ and
3− states have been considered, with excitation energies
of 1.66 MeV and 1.81 MeV respectively. The deforma-
tion parameters β2 = 0.087 and β3 = 0.130 [19] have been
used to deform the d/α −144 Sm potentials. For this re-
action, the effect of Coulomb can no longer be neglected,
as it was the case in the previous sections. Therefore,
it is necessary to include the possibility of target excita-
tion through Coulomb interaction, for which the reduced
Coulomb matrix elements must be obtained. We have
computed the matrix elements from the B(Eλ) proba-
bilities using [33] Eq. (4.4.3):
B(Eλ, Ii → If ) = 1
2Ii + 1
| 〈If‖Eλ‖Ii〉 |2, (22)
using the B(Eλ, Ii → If ) values from [34, 35].
The continuum of 6Li has been discretized using a
transformed harmonic oscillator basis [36] extending up
to 10 MeV and considering only the s and d waves. The
potential used for the d−α interaction has been chosen of
a Gaussian shape [37] and its depth has been adjusted for
the s wave to obtain the ground state at E = −1.47 MeV
and for the d wave to obtain a resonance at E = 0.7 MeV,
to reproduce the experimental 3+ resonance. The width
parameter used is a = 2.236 fm while the depths of the
potential are V0 = 74.88 MeV and V2 = 85.30 MeV, for
l = 0, 2 respectively. The spin of the deuteron has been
neglected throughout the following calculations. Due to
the experimental impossibility of distinguishing between
the 2+ and 3− states of 144Sm the inelastic cross sec-
tions presented are the sum of the contributions for both
states.
For the d −144 Sm and α −144 Sm potentials different
parametrizations have been used. In Fig. 4 we present
calculations employing two different sets of potentials.
The red dashed line (Set 1) potential has been con-
structed using the Sao Paulo parametrization [38], both
for the α −144 Sm and d−144 Sm interactions. Since the
energies considered are not too different, the dependence
of the potential on the energy has been neglected. The
6imaginary part of the potential was rescaled by a fac-
tor Niα for the α −144 Sm potential and by a factor Nid
for the d −144 Sm potential, in order to reproduce the
elastic scattering data. A fairly negligible dependence on
Niα was found, therefore a value of Niα = 1 was chosen.
For the d −144 Sm potential, we could not find a renor-
malization value that would give a reasonable agreement
with the experimental data for all incident energies: We
found that a renormalization value of Nid = 0.2 agrees
well with the data for incident energies of 28, 30 and 35
MeV. However for 23 MeV, a factor of Nid = 0.5 was
needed to give a good agreement. In Fig. 4 the dotted
red line represents calculations for E6Li = 23 MeV using
a renormalization factor of Nid = 0.2.
The solid blue line (Set 2) corresponds to a calculation
in which the α−144 Sm potential is based once again on
the Sao Paulo parametrization. The imaginary potential
has been rescaled using a factor of Niα = 0.78 this time.
Meanwhile, for the d −144 Sm potential, we have chosen
Perey-Perey global potential [39], whose imaginary part
has been rescaled using a factor of Nid = 0.7. This re-
duction of the imaginary potential for the deuteron inside
6Li has been discussed previously [40–43]. We find this
selection of potentials to give a remarkably good fit to
the data at all considered incident energies.
In general we find the inelastic cross section to be quite
insensitive to the selection of potentials, while Set 1 seems
to give a better agreement with the elastic data around
the Coulomb-nuclear interference peak.
We find that the inclusion of target excitation in the
calculations gives a small contribution to the elastic cross
section. This can be seen in Fig. 5, where the solid red
line corresponds to calculations using potentials from Set
1, described above, including deformation of the target.
Meanwhile, the blue dashed line represents calculations
using the same potentials but setting the deformation
parameter to 0. As can be seen, both calculations give
very similar results.
In order to study the effect of breakup in both elas-
tic and inelastic cross sections we have performed a cal-
culation excluding all breakup states from the coupled-
channel calculation, for which we have chosen the poten-
tials from Set 2. The results are shown in Fig. 6. As can
be seen in the figure, without breakup, the elastic differ-
ential cross section is underestimated at all the energies
at larger angles, probably due to the exclusion of the
resonance at Edα = 0.7 MeV. We can see also that the
Fresnel peak is displaced, specially for the incident energy
of 35 MeV. As for the inelastic cross section, it is found
that the effect of breakup is only moderate, smoothing
the oscillation of the cross section, but not modifying its
magnitude much. It can be seen that the effect of the
breakup states becomes more important with increasing
incident energy but even for the highest energy the agree-
ment with the data of both calculations is similar.
To end with the study of this reaction, we have per-
formed a coupled-channel calculation in which the inci-
dent channel is described by means of an optical potential
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FIG. 4. (Colour online) Elastic (left) and inelastic (right)
differential angular cross sections for 144Sm(6Li,6 Li)144Sm∗
for incoming energies of 23, 28, 30 and 35 MeV. The red
dashed and solid blue lines correspond to different α−144 Sm
and d−144 Sm potentials (see text). For 23 MeV, the elastic
cross section using a renormalization factor of Nid = 0.2 is
shown with a red dotted line (see text).
and so breakup effects are only accounted for effectively.
We have used Cook potential [44], which we have de-
formed employing the deformation parameters indicated
above, assuming a rotor model for 144Sm. The results are
shown in Fig. 7, together with the curves of Fig. 6, in or-
der to compare it with the full CDCC calculation and the
calculation without breakup. It is rather remarkable the
good agreement that is obtained for the inelastic cross
section between the full CDCC calculation and the opti-
cal model one: the curves overlap except for a small in-
crease at intermediate angles for the optical model result.
Let us remark that both calculations use potentials from
completely different systematics, the only point in com-
mon being the deformation parameters and the model
used for the deformation. In the elastic cross section we
can see that the optical model calculation seems to un-
derestimate the data at the large-angle tail probably due
once again to an inadequate treatment of the 6Li reso-
nance.
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FIG. 5. (Colour online) Elastic angular differential cross
section for different incident energies for the reaction
144Sm(6Li,6 Li)144Sm. The red solid line corresponds to cal-
culations using Set 1 (see text) of potentials including defor-
mation of the target, while the blue dashed line corresponds
to calculations using the same potentials but without target
deformation.
D. 9Be(6Li,6 Li)9Be∗
In this last section, we have performed calculations for
the reaction 9Be(6Li,6 Li)9Be at an incident energy of
20 MeV. We present calculations for the cross sections
of elastic scattering; excitation to the excited state of
9Be, with excitation energy Ex = 2.43 MeV and angular
momentum Jpi = 5/2−, and excitation to the resonant
state of 6Li with Ex = 2.19 MeV and J
pi = 3+, for which
experimental data exist [45].
For these calculations we have considered a rotor model
for 9Be, for which a deformation length of δ = 2.5 fm has
been chosen, following [45]. 6Li is treated as a binary
system composed of a deuteron and an α particle as in
the previous section. However, in order to obtain the
correct magnitude of the cross section corresponding to
the excitation of 6Li, it has been necessary to include the
spin of the deuteron, in contrast to the previous section’s
calculations.
The potentials used in the calculations are indicated
as follows: for the α− d interaction the potential of [46],
which includes the deuteron spin and gives a proper de-
scription of both the ground state and the 3+ resonance
of 6Li, has been used.
For the α−9Be interaction, the potential from [47] has
been chosen. Due to the difficulty of including the spin-
orbit of the fragment-target interaction in the CDCC cal-
culations, the α−9Be spin-orbit term has been applied to
the whole 6Li-9Be system, following the prescription of
[48].
Finally, the d−9Be potential has been obtained by fold-
ing the ground state of the deuteron with p−9Be and
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FIG. 6. (Colour online) Elastic (left) and inelastic (right) dif-
ferential cross sections for 144Sm(6Li,6 Li)144Sm∗ at different
incident energies. Coupled-channel calculations are presented
using potentials from Set 2 (see text) including (solid blue
line) and excluding (dash-dotted green line) breakup states
from the calculation.
n−9Be interactions. For the p−9Be interaction the po-
tential of [49] has been used. Although this potential was
derived for neutrons, we have found a small dependence
of the observables on it. Therefore, this prescription has
been chosen for convenience. For the n−9Be potential,
two prescriptions have been used. In Fig. 8, the ma-
genta dashed line corresponds to Vn9Be from [49], while
the green solid line corresponds to the parametrization
from [50], which gives a more precise description of the
n−9Be system at low energies. It is seen that both poten-
tials give similar cross sections up to 50− 60◦, but differ
afterwards finding that the potential from [50] gives a
better agreement with the experimental data.
We find a reasonably good agreement between the cal-
culations and the experimental data for both the excita-
tion of 9Be and 6Li. However, we find an underestimation
of the elastic data for larger angles. This could be due
to the contribution of other channels, such as compound
nucleus and cluster transfer, that were suggested in [45]
but are not considered here. It must be noted that all
observables have been obtained using a consistent calcu-
lation including breakup of 6Li and excitation of 9Be.
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FIG. 7. (Colour online) Elastic (left) and inelastic (right) dif-
ferential cross sections for 144Sm(6Li,6 Li)144Sm∗ at different
incident energies. Coupled-channel calculations are presented
using potentials from Set 2 (see text) including (solid blue
line) and excluding (dash-dotted green line) breakup states
from the calculation. The dashed brown line corresponds to
optical model calculations using Cook potential [44].
Since the main purpose of this paper is the portrayal
of the formalism for target excitation within CDCC and
because of the general difficulty of treating 6Li within
the two-cluster formalism for reactions with light nuclei
[40], we have decided not to pursue a better agreement
between our calculations for elastic scattering and exper-
imental data, deeming it beyond the scope of the present
article.
In order to study the effect of breakup, target excita-
tion and their interplay we have performed calculations
excluding different channels. The results are shown in
Fig. 9. In it the dark-green solid line corresponds to
the full calculation, while for the red dot-dashed line the
states in which 9Be is in its excited state and 6Li is in
a continuum state at the same time have been excluded.
For the dashed blue line, the excitation of 9Be has been
omitted while for the dotted green line no breakup states
of 6Li have been included.
It is remarkable that the effect of the states where both
9Be and 6Li are excited (which we may call mutual exci-
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FIG. 8. (Colour online) Cross sections for elastic scattering
a) and excitation of 9Be (Ex = 2.43MeV, J
pi = 5/2−) b) and
of 6Li (resonant state at Ex = 2.19MeV, J
pi = 3+) c). Two
sets of potentials are presented (see text).
tation) is quite important for all cross sections presented,
as can be seen on the red dot-dashed line, which gives an
increase in all cross sections, particularly in the cross sec-
tion corresponding to the excitation of 9Be. While the
effect of the mutual-excitation states would be expected
to be small, it is however found to be quite relevant to the
cross section, smaller than the effect of the direct breakup
of 6Li (as can be seen comparing the green dotted and red
dot-dashed lines) but quite more relevant than the exci-
tation of 9Be without simultaneous breakup of 6Li, as is
highlighted by the similarity between the red dot-dashed
and blue dashed lines.
IV. SUMMARY AND CONCLUSIONS
The extension of the CDCC method to include exci-
tation of collective degrees of freedom of the target has
been developed without any approximation apart from
those inherent to the CDCC method. The formalism has
been implemented in a computer code and applied to a
number of reactions.
For the reaction d+24Mg our results reproduce very
well those obtained with the more sophisticated Fad-
deev/AGS method. For 6Li+144Sm the calculations re-
produce very nicely the inelastic cross sections at four dif-
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FIG. 9. (Colour online) Cross sections for elastic scattering a)
and inelastic scattering of 9Be (Ex = 2.43MeV, J
pi = 5/2−)
b) and of 6Li (resonant state at Ex = 2.19MeV, J
pi = 3+) c).
Calculations have been performed using the potential from
[50] for Vn−9Be. The rest of the potentials are those indicated
in the text. The dark-green solid line corresponds to the full
calculation, while the red dot-dashed line excludes states with
both 9Be and 6Li in their excited states. The blue dashed line
excludes all states with 9Be in its excited state while the green
dotted line excludes all breakup states of 6Li.
ferent energies, although the reproduction of the elastic
scattering data required a readjustment of the deuteron-
target potential, in accordance to previous findings. Fi-
nally, for the reaction 6Li+9Be the effects of the interplay
of target excitation and projectile breakup seem to be
more important than in the previous reactions, probably
due to the lighter nuclei and the inferior beam energy,
which leads to a longer interaction time.
The method developed here has potential applications
in several problems of timely interest. For example, it
could be used to study the simultaneous influence of pro-
jectile breakup and collective excitations of the target
on fusion cross sections in reactions induced by weakly-
bound projectiles on deformed targets.
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Appendix A: Q = 0 reduction
In this appendix, we calculate the expressions corre-
sponding to Q = 0 from the formulae presented in Sec. II
and prove that they reduce to ¡the standard CDCC ex-
pressions without target excitation as can be found for
example in [23]. It must be noted that, when Q = 0 there
is no target excitation but the projectile can still break
in this formalism.
We start by noting that Eq. (16) and (15) are reduced
to:
V 0Kvt (R, r) =
1
2
∫ 1
−1
Vvt(rv)PK(u)du, (A1)
R0,0,Kα,α′ (R) =
∫
ϕ∗Jp,α(r)V
0K
vt (R, r)ϕJ′p,α′(r)dr, (A2)
using the notation described in Sec. II and the fact that
λ ≤ Q.
Next we perform the reduction of (13) using the prop-
erties of 3j and 6j symbols:(
0 A B
0 0 0
)
= (−1)A δAB
Aˆ
(A3){
A B C
D E 0
}
= (−1)A+B+C δAEδBD
AˆBˆ
, (A4)
and the reduction of (20)
〈Jt, n‖T0(ξˆ)‖J ′t, n′〉 = Jˆt
′〈J ′tK00|JtK〉 = Jˆt
′
δJ′tJt , (A5)
which also indicates that for every model used to char-
acterise the target we must require 〈Jt, n‖T0(ξˆ)‖J ′t, n′〉 =
Jˆt
′
δJ′tJt . The reduction yields:
FKββ′(R) = (−1)J
′
p+K
√
4πδΛ,Λ′,K JˆpJˆ ′p lˆlˆ
′jˆjˆ′Kˆ2Jˆt
′
×
∑
α,α′
(−1)j′+j+l+l′+s+I
(
l′ l K
0 0 0
)
×
{
j′ j K
l l′ s
}{
J ′p Jp K
j j′ I
}
R0,0,Kα,α′ (R)δI,I′ . (A6)
Now for the reduction of (16) we need the reduction of
9j symbols:

A B C
D E 0
F G H

 = (−1)G+A+C+D δDEδCHDˆCˆ
{
A B C
G F D
}
,
(A7)
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leading to:
UJTβ,β′(R) =
∑
K,K,0
δJJ′δJtJ′tδΛ,Λ′,K(−1)Jp+J+L
′+LLˆLˆ′
× 1√
4π
{
L Jp J
J ′p L
′ K
}(
L L′ K
0 0 0
)
FKββ′(R). (A8)
Both of these expressions can be shown to be equivalent
to those found in [23], although the comparison is not
straightforward and requires some angular momentum
algebra.
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